Background Biplane angiographic and transthoracic echocardiographic volume calculations have shown to be sufficiently reliable in symmetric hearts; however, they are unreliable in the presence of aneurysmatic distortions. Multiplane transoesophageal echocardiography offers unobstructed cross-sectional views of the heart from one stable transducer position with the potential of imaging irregular cavity forms more accurately. It was the purpose of this in vitro study to compare the precision of multiplanar transoesophageal echocardiography to that of biplane angiography in determining left ventricular volumes, especially in aneurysmatic models.
Introduction
Mono-and biplane methods have been used clinically to determine left ventricular volumes and ejection fractions from angiographic, radionuclide and, especially, echocardiographic images 1 '" 131 . At present the American Society of Echocardiography recommends the biplane Manuscript submitted 5 July 1995, and accepted 24 October 1995.
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Simpson method for its precision, high reproducibility and clinical practicability as the method of choice for the determination of left ventricular volumes derived from biplane echocardiography 114 '. It is generally accepted, however, that volume calculations derived from biplane imaging techniques have significant methodological limitations due to irregular cavity forms such as left ventricular aneurysms or complex geometric distortions due to congenital heart disease 1 ' 5 " \ Precise and reproducible determination of left ventricular shape, volume and ejection fraction is especially important in these patient groups for the assessment of pharmacological and surgical interventions or left ventricular remodelling. Introduction of different multiplanar transoesophageal echocardiographic technologies have provided the unique opportunity to obtain multiple unobstructed cross-sectional views of the heart from the oesophagus' 19 " 22 ' . The major advantage of multiplane transoesophageal echocardiography is the potential for three-dimensional reconstruction of cardiac structures and volumes using multiple cross-sections.
It was the aim of the present in vitro study to evaluate the precision of multiplanar echocardiography using a rotatable transoesophageal echoprobe in the determination of volumes of models representing regular and distorted left ventricular geometries. For this purpose increasing numbers of cross-sectional planes from various transducer positions were used and the results compared with standard biplane angiography.
Methods

Left ventricular models and experimental set-up
Seven different thin-walled silicon rubber models of the left ventricle obtained from post-mortem cardiac specimens with various geometries, especially aneurysms of the anterior apical (two) and posterior basal (two) walls of different shape and size involving 20-40% of the left ventricular surface, were filled with water at different pressures ( Fig. l(a) ). The 30 volumes analysed ranged from 153 to 265 ml (mean 197 ±30 ml), 20 of the volumes were from distorted aneurysmatic models and the remaining 10 from normal, symmetric models. The aneurysmatic deformation of the left ventricle remained preserved at all pressures and volumes. A commercially available multiplane transoesophageal echoprobe with 50 MHz 64 element transducer (Hewlett Packard Corporation) connected to a Sonos 1500 ultrasound scanner (model 77020, Hewlett Packard Corporation) was used. The phased array is integrated into the echoscope tip and freely rotatable from 0 to 180° in 1* increments around a central rotational axis. Both the left ventricular model and the echo transducer were mounted to a platform to assure a stable position during rotation. All 30 volumes were imaged from an inverted transoesophageal view with the transducer placed at the apex (longitudinal axis, Table 1 ). Fifteen volumes (five normal and 10 aneurysmatic) were also calculated from a transgastric view (transverse axis) and various intermediate views ( Fig. l(b) , Table 1 ). For these intermediate views, arbitrary transducer positions were used to simulate any possible influence of transducer location on the precision of multiplanar volume calculations (i.e. image acquisition outside an optimal longitudinal axis). In order to determine the minimal number of echo cross-sections necessary to optimize precision, a subgroup of 10 volumes (four from normal and six from aneurysmatic models) were imaged separately using an increasing number of equidistant cross-sectional planes from two to 18. That is, 0° and 90" for two crosssectional planes; 0°, 60° and 120° for three crosssectional planes; and up to 18 cross-sectional planes in 10° increments, were used. All images were obtained in a waterbath and recorded on 0-5-inch VHS videotape (Fig. l(c) ). Optimal stop-frame images were then selected and digitized using a standard frame graber (video board) and stored on a commercially available 486 personal computer. Left ventricular borders were carefully handtraced based on the leading edge method, the protruding basal inflow and outflow tracts were included into the calculation. The Cartesian spatial coordinates including the rotational axis, the degree of rotation of the phased array as well as the calibration factor were also digitized to relocate the contour data during three-dimensional reconstruction.
In order to determine interobserver variability, images from a random subset of 10 models were contoured by two observers independently, blinded to each other's results. Intraobserver variability was measured by having one of the observers contour the same images on two separate occasions blinded to his previous results.
Geometric assumptions and volume calculations
Precise three-dimensional volume calculation from multiple cross-sections, as performed in this study, is based on the assumption that left ventricular borders are completely visualized on every single echo crosssectional view. A minimum of one and a maximum of 18 equally spaced cross-sections were obtained from the left ventricular models by rotating the transducer around the central axis of the phased array from each position. This rotational axis was not necessarily identical with the optimal longitudinal axis through the phantom. From the rotational angle each point on the digitized and hand-traced borders of the two-dimensional frames was assigned its spatial coordinates within a cube with a resolution of512x512x512 pixels. This transformation was performed such that the rotational axis of the calculated three-dimensional set penetrated the top and bottom surface of the cube in its centre, and therefore, all short-axis planes were perpendicular to these surfaces ( Fig. l(d) ). Multiple horizontal short-axis planes were calculated paralel to the top and bottom of the cube. Each cross-sectional plane defines two distinct points of intersection on each of these short axis. The total number of points available on the outer contour depends on the number of echo-rotational steps performed.
For volume calculation, the previously described disc-summation method was used' 5 ' 13 ' 23 '. In brief, the short-axis plane (A;) was divided into an (arbitrary) number of segments (AJ depending on the number of available cross-sectional planes. The area of each of Eur Heart J, Vol. 17, August 1996 these segments was defined by two intersectional points on the outer contour produced by two consecutive cross-sections and the rotational axis (centre of gravity). The area of all segments was integrated to calculate the total area of the slice. The volume of the ventricle was then obtained by integrating all horizontal slices taking into account their thickness (corresponding to one videoframe line).
V=C F .h.T.A,
where V= volume, C F = calibration factor, h -thickness of the disc, A,= area of the disc, /^segment of A,, g>=arc, r=radius (function of <p).
Biplane angiography
For comparison, all 30 echocardiographically determined left ventricular volumes were also calculated using conventional biplane angiography. For this purpose the models were filled with contrast dye and filmed in two orthogonal optimized planes, i.e. care was taken to place the model in an optimal longitudinal and transverse position (equivalent to the standard 30°R AO and 60° LAO planes). The contours were then hand-traced and the volumes calculated using the discsummation method as previously described and validated 
Statistical analysis
Data were expressed as mean values ± one standard deviation (SD). Initially, simple linear regression analysis was used to study the correlation between the true volume as the dependent variable and echocardiographically or angiographically determined volumes. In a second step, a subanalysis was performed to determine the correlation between the measured volume and the true volume in normal and distorted models. Furthermore, interobserver and intraobserver variabilities and correlations were determined for volumes calculated from the subset of 10 randomly chosen echocardiographic images.
In order to describe the measurement bias, the difference between measured and true volumes was compared with the true volume to calculate the tendency of each technique to under-or overestimate the true volume 1241 . The mean percent error was calculated for each method as the ratio of the difference between the measured volume and the true volume, and the true volume. The mean percent errors of the two techniques were then compared to each other by non-parametric analysis of variance using the Friedman statistic.
To assess the imprecision of each method and determine the degree of error, measurements were adjusted for bias. Specifically, in a step-wise fashion, each measured volume was substituted in the empirically derived regression equation to obtain the 'predicted true volume'. The difference between the 'predicted true volume' and the true volume was calculated and the percent error was expressed as an absolute value 125 '. The mean values for percent error or imprecision for both methods were compared to each other using the Friedman statistic.
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Analysis of variance for repeated measures was used to compare volume calculations from different transducer positions (i.e. equivalent to transoesophageal, transgastric, and intermediate views). A P value <005 was considered significant.
Results
All individual measurements are shown in Table 1 .
Linear regression
Correlation between the measured volume and the true volume was significantly better for multiplanar echocardiography (r=097, SEE=8-7 ml) than for biplane angiography (r = 0-88, SEE=18-2ml; P<0001 between the two methods). The results of the linear regression analysis for the two methods are shown in Fig. 2 . In the separate analysis of models from normal and distorted ventricles, volumes were calculated with the same precision independent of geometry using multiplanar echocardiography (r=0-98, SEE=7-5ml for symmetric models and 0-97, SEE=ll-6ml for aneurysmatic models; P=ns). With biplane angiography, correlation between the calculated volume and true volume was significantly lower in aneurysmatic models than in symmetric models (r=0-85, SEE = 24-9ml for aneurysmatic and 0-97,.SEE=17-5 ml for symmetric models; P<001). For multiplanar echocardiography, the mean interobserver variability was 3-2 ± 1-5% with a linear regression coefficient of 0-98. The mean intraobserver variability was 2-5 ±1-0% and the linear regression coefficient was 0-99.
Measurement bias
Biplane angiography had a larger error (111 ± 15-4%) than multiplanar echocardiography (39±71%); both methods had a slight but systematic tendency to overestimate the true volume. In general the bias for the two methods measured over the full range of volumes were evenly distributed without an obvious relation between direction and magnitude of bias and true volume. The differences between the measured and the true volumes for both models and methods are shown in Fig. 3 .
Measurement imprecision
Imprecision, defined as absolute percent error after correcting for bias was greater for biplane angiography (5-9 ± 8-3%) than for multiplanar echocardiography (20 ± 3-7%). The methods were significantly different using the Friedman statistic (/><0001). Bias and imprecision data, for the total group and for aneurysmatic and symmetric subgroups are summarized in Fig. 4 . 
Measurement precision depending on the number of echo cross-sections
The extent of measurement imprecision depending on the number of echo cross-sections and the presence of a normal or aneurysmatic geometry is shown in Fig. 5 . The mean error for volumes calculated with two echo cross-sectional planes was 60 ± 5-8%, for four planes 3-7 ± 2-4% for six planes 3-1 ± 1-9%. The percent error for volumes calculated with nine echo cross-sectional images obtained at 20° rotational steps, was 21 ± 10%. The error could not be reduced further by using more than nine echo cross-sectional planes for volume calculation. Due to the relatively small sample size, no separate analysis for symmetric and aneurysmatic models was performed. It was obvious, however, that the degree of imprecision depends on the presence of left ventricular distortion while symmetric models can be studied easily with fewer cross-sectional planes (less than four).
Measurement precision depending on transducer position
Repeated measurements of 15 volumes (five normal and 10 aneurysmatic) from the three different transducer positions, i.e. longitudinal, transverse and intermediate, revealed no differences in precision. The mean volume from the longitudinal position was 201-9 ±28 ml, from the strictly transverse position 202-5 ± 27 ml, and from various intermediate positions 203-9 ±27 ml; P=ns for the comparison between the three positions.
Discussion
Significance of the present study
Using an unmodified, commercially available multiplane transoesophageal echoprobe intended for clinical use, it was the purpose of this in vitro study to establish the in vitro feasibility and accuracy of multiplanar echocardiography in calculating left ventricular volumes, especially in the presence of a distorted geometry. In comparison, multiplanar echocardiography had smaller bias (systematic error) and imprecision (random error) than biplane angiography. Both methods overestimated 'true' volumes and the bias was evenly distributed over the wide range of volumes used without a relation between direction and magnitude of bias and 'true' volumes. Friedman statistic revealed that the two methods were different, and that biplane angiography was significantly less precise than multiplanar echocardiography, especially in the presence of aneurysms, while multiplanar echocardiograhy was not influenced by left ventricular geometry. The slightly lower correlation coefficient for biplane angiography in our series as compared to others, is most likely caused by the predominance of aneurysmatic models while most previous angiographic studies used symmetric models' 4 " 7 ' 15 " 171 . This condition clearly reduces the ability of the biplane disc-summation method to determine the true contour, as only four points of intersection are determined from the original angiographic contours and the remaining borders are completed by assuming an elliptical shape of the ventricle. Using images from nine cross-sectional planes obtained by multiplanar echocardiography, however, 18 points of intersection are found on each slice significantly increasing precision by replacing the contours based on geometric assumptions with truly measured contour data.
For clinical purposes it is necessary to evaluate the influence of different transducer positions, as the transducer location that produces the best quality images often provides only intermediate views outside an optimal longitudinal or transverse rotational axis of the heart. To simulate this condition multiplanar volumes were calculated from various intermediate transducer positions, ensuring that left ventricular borders were completely visualized on every single echo cross-section during rotation. No significant differences were found between all transducer positions, indicating that measurement precision is also independent from the echo window.
Instability of the transducer position and dislocation during image acquisition is a significant clinical problem and a major source of error for volume calculation. One way to limit these influences is a short acquisition time with a reduced number of echo rotational steps. Weiss et a/.' 26) reported that four cross-sectional images were required for accurate determination of volumes in isolated, symmetric ejecting canine ventricles. They had predicted that more than four echo cross-sectional images would be required in cases of ventricular asymmetry. To determine the minimum number of echo cross-sectional planes necessary for precise measurements, volumes were calculated for each increasing equidistant rotational step. Maximal precision was achieved with nine rotational steps each equivalent to a 20° rotational angle, and precision could not be improved further with additional echoplanes.
Comparison with other studies
Most of the studies of three-dimensional echocardiography have used polyhedral surface reconstruction of images obtained with transthoracic transducers' 27 " 38 '. Our results compare well with those studies. In in-vitro studies using elliptical or symmetrically distorted (dumb-bell shaped) phantoms, the correlations found between measured volumes from three-dimensional reconstruction and true volumes were excellent' 3 lf38 ' and better than two-dimensional techniques'
381
. Using models from normal pig hearts, three of which had been modified to simulate an aneurysm, Sapin et a/.' 331 reported a good correlation between measured volume and true volume with both three-dimensional echocardiography and biplane angiography and no significant difference between the two methods. However, they did not report separately the results in the subset of three models modified to simulate an aneurysm' 33 '. Since it is well established that biplane techniques are unreliable in the presence of aneurysms [l5~18 ', it is likely that inclusion of only three modified distorted models among the 15 models studied did not significantly affect the overall results. In a similar manner, using 11 models from animal and human hearts, only one of which had an apical aneurysm, Handschumacher et a/. ' 32] reported good correlation overall between measured volume and true volume using polyhedral surface reconstruction, No. of equidistant ocho cross-sections which also produced a faithful image of the apical aneurysm, but they did not compare it to biplane techniques. In contrast, in our study all seven models were made from post-mortem human hearts, four of which had aneurysm, and 20 of the 30 volumes measured were from these distorted aneurysmatic models. We also present separate analysis of volumes from normal and aneurysmatic models to show that the results of three-dimensional echocardiography are unaffected by geometry whereas the results of biplane angiography are significantly less accurate in aneurysmatic models compared to results from normal models. The other major difference is that we used a transoesophageal probe whereas most of the above studies used transducer designed for transthoracic imaging. While transthoracic imaging is non-invasive and polyhedral surface reconstruction requires no assumptions of ventricular shape or geometry, it requires special equipment, such as mechanical arms or acoustic transducers to place each image correctly in an XYZ coordinate system, and high quality images representing all parts of the ventricle' 27 " 341 . Quality of transthoracic images is often low due to superimposed lung tissue and the ventricle may not be fully imaged since the external echo window limits the number of available positions. In contrast, the transoesophageal technique that we present, while being semi-invasive, requires no special locating devices and offers the prospect of improved image quality and unrestricted transducer positions. There have been a few reports of three-dimensional echocardiography using the transoesophageal approach.
Martin et a/.
[19i39] using a specially modified transoesophageal echoprobe incorporating a micromanipulator to obtain precise steering of the transducer, reported good correlation (r = 0-92) between stroke volume derived by three-dimensional echocardiography and that measured by the thermodilution technique in anaesthetized dogs. Another approach that has been reported is to move the transducer within the echoscope shaft to obtain serial short-axis images from which three-dimensional reconstruction can be performed but volume measurements have not been reported using this technique 1221 . In contrast, our approach has been to use a commercially available transoesophageal echoprobe that requires no custom modification or, precise movement of the transducer.
Study limitations and future perspectives
These results were obtained in vitro and cannot be extrapolated to the clinical setting directly. Image quality and precision in vivo may be less optimal due to respiration and cardiac motion. Presently available respiratory gating and electrocardiographic triggering software is able to reduce these influences but further improvements will be necessary to reduce acquisition time and eliminate all of the artefacts. In addition, echo drop-outs and incomplete visualization, especially of the left ventricular apex during multiple scanning, may become a problem in a subset of patients. Reduced lateral resolution due to the smaller TEE transducer aperture and optimized near field resolution did not lead to reduced precision during this in vitro study even in the presence of large models. However, in vivo visualization of large aneurysmatic hearts may enhance this problem and become a relevant clinical limitation.
It is also possible for the image planes to be oblique, resulting in an eccentric rotational beam. In such cases, all horizontal slices may not be represented in the cross-sectional images with the risk of excluding the longest ventricular axis from volume calculation, thus underestimating the true volume. Similar problems may also occur in cases of severe distortions, such as seen in patients with complex congenital heart disease, in which it may be impossible to find the longest axis within a limited number of cross-sections. Hand-tracing of ventricular contours is still very time consuming and represents a major clinical limitation. Complete reconstruction of one ventricle using nine cross-sections required 30-45 min based on technically optimal images. This problem might well be solved in the near future by the use of an automated contour detection algorithm, capable of detecting and reconstructing the endocardial surface as an on-line feature to be incorporated into volume computation programs' 40 ' 411 .
Conclusions
Three-dimensional determination of volumes from original left ventricular models utilizing transoesophageal multiplanar transducer technology provides highly precise results, significantly more accurate than biplane angiography. Major differences in accuracy between the two methods occurred with aneurysmatically distorted ventricles. Precision was not influenced by transducer position and was highest with nine echo cross-sectional steps. Therefore, multiplanar transoesophageal echocardiography and the disc-summation method provide a new and promising method for left ventricular volume calculations with the prospect of reducing many of the previous limitations associated with the transthoracic approaches.
